The limited catalytic efficiency of cellulose-degrading enzymes restricts cellulose digestion. We investigated the transcriptional regulation of genes encoding key cellulose degrading enzymes, namely b-glucosidases, in the industrial actinobacterium Saccharopolyspora erythraea. We observed that the expression of most b-glucosidase-encoding genes was controlled by the availability of nitrogen and phosphate via their respective global regulators, namely GlnR and PhoP. Electrophoretic mobility shift assay demonstrated that GlnR and PhoP bound directly to the promoters of b-glucosidaseencoding genes. Deletion of glnR resulted in lower transcript levels and activity of b-glucosidases, leading to decreased bacterial growth on cellulose. Overexpression of glnR and phoP or nitrogen/phosphate starvation increased the transcript levels and total activity of b-glucosidases. Moreover, GlnR/PhoP-mediated cellobiose utilization was also observed in Streptomyces coelicolor A3(2). These findings provide insights into the regulatory roles played by GlnR and PhoP in coordinating nitrogen/phosphate metabolism and carbohydrate utilization, and indicate potential strategies for cellulose fermentation in the production of bio-based chemicals by actinobacteria.
INTRODUCTION
Abundant and inexpensive plant biomass will be an important renewable alternative for dwindling fossil resources, especially for the production of energy, chemicals and highvalue bioproducts [1] [2] [3] . Cellulose encased with hemicellulose, which is a branched polymer mainly composed of glucose and xylose, forms more than 70 % of plant biomass. Due to the structural rigidity of plant biomass, degradation of this renewable resource poses an immense challenge for industry [4, 5] . Normally, plant biomass requires thermal and chemical pretreatment, and hydrolysis by enzymes [such as endoglucanases (EC 3.2.1.4), cellobiohydrolases (EC 3.2.1.91) and b-glucosidases (EC 3.2.1.21)] before its utilization [6] [7] [8] . However, many biomass-degrading microorganisms display markedly low b-glucosidase activity. The accumulation of cellobiose and glucose inhibits cellulases via product inhibition, indicating that b-glucosidase is the rate-limiting enzyme for complete cellulose hydrolysis [9] [10] [11] .
Increasing the expression and activity of b-glucosidases in microorganisms is key for the efficient utilization of cellulose to produce biofuels and bio-based chemicals. Traditionally, researchers have attempted to improve the utilization of cellulose via supplementation with b-glucosidase or natural cellobiose-fermenting, b-glucosidase-secreting strains of yeast [12, 13] . However, the addition of b-glucosidase increases the cost and fails to maximize ethanol production due to the varying oxygen demands of different strains [14] . Further attempts, including functional secretion of the Saccharomycopsis fibuligera b-glucosidase in Saccharomyces cerevisiae [15, 16] or display of fungal cellulolytic enzymes on the surface of S. cerevisiae [17, 18] , also failed in improving the efficiency of ethanol production compared to a control strain supplemented with exogenous b-glucosidase [7, 17] . Conversely, it was proposed that endogenous b-glucosidase overexpression allowed the growth of Yarrowia lipolytica on cellobiose, which could not naturally use cellobiose despite having the genetic potential to do so [19] . The regulatory mechanisms underlying b-glucosidase expression and activity in microorganisms remains poorly understood. In Trichoderma reesei, b-glucosidase expression is triggered by cellulose and repressed by high levels of glucose [20, 21] . Furthermore, studies revealed a Zn(II) 2 Cys 6 -type transcription factor, BglR, which regulates b-glucosidase transcription [22] . Actinobacteria, like most living organisms, have a precisely modulated and stable composition of carbon, nitrogen and phosphate. They have evolved sophisticated regulatory systems that sense nutrient availability in the environment and activate mechanisms to scavenge scarce nutrients or store nutrients present in excess [23] . In Streptomyces coelicolor A3 (2) and Saccharopolyspora erythraea, the regulation of phosphate metabolism is mediated by PhoR/PhoP, a twocomponent system [24, 25] , and nitrogen metabolism is controlled by the orphan response regulator GlnR [26, 27] . Two regulators were reported to be involved in the interaction between carbon, nitrogen and phosphate [25, 28, 29] . In S. erythraea, PhoP induced transcription of glnR-and GlnR-regulated genes involved in nitrogen metabolism by directly binding to the promoter regions of these genes. On the other hand, GlnR negatively controlled phosphate metabolism through its binding to the promoter region of phoP-phoR [25] . It has also been reported that PhoP negatively controls ammonium ion uptake and assimilation by directly repressing the transcription of glnR, glnA, glnII and the amtB-glnK-glnD operon in S. coelicolor [30] . The positive or negative effects of PhoP on nitrogen metabolism in S. erythraea and S. coelicolor indicate that actinobacteria have evolved various nutritional regulatory networks to adapt to their different ecological niches. Our previous studies revealed that the global regulator of nitrogen metabolism, GlnR, directly activates the transport and utilization of secondary carbon sources by interacting with promoters for carbohydrate ABC transporter loci in actinobacteria [31] . Furthermore, we found that GlnR and PhoP (the global regulator of phosphate metabolism) simultaneously enhanced starch utilization via the induction of related amylolytic enzymes [32] . These observations indicate a strategy to promote cellulose utilization by increasing endogenous b-glucosidase via transcriptional regulators involved in nutrient metabolism.
In the present study, we found that GlnR and PhoP could directly regulate b-glucosidase expression, and promote the growth of S. erythraea on cellulose. High growth rate and total b-glucosidase activity were observed in response to nitrogen and phosphate starvation. Additionally, we found that the regulation of cellobiose degradation via GlnR and PhoP is likely conserved in actinobacteria.
METHODS

Bacterial strains and growth conditions
Bacterial strains and plasmids listed in Table 1 were used in the present study. S. erythraea NRRL23338 and S. coelicolor strains were recovered and preserved as described previously [32] . These strains were grown in tryptone soya broth (TSB) or minimal medium (Evans) at 30 C on a rotary shaker at 250 r.p.m., while Escherichia coli strains were grown in Luria-Bertani (LB) medium at 37
C. E. coli strains DH5a and BL21 (DE3) (Novagen, WI, USA) were used for DNA cloning and protein overexpression, respectively. Evans medium [33] [31, 32] . The efficiency of protein expression and purification was described in detail in our previous work [31] . Purified proteins were analysed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and their concentrations were determined using the Bradford assay with bovine serum albumin as the standard.
Electrophoretic mobility shift assay (EMSA)
The upstream regions (from À300 to +50) of target genes were amplified by PCR using specific primers (Table 2) , which contained the universal primer sequence (5¢-AGC-CAGTGGCGATAAG-3¢). Fragments containing the universal sequence were labelled with biotin by PCR using the 5¢ biotin-modified universal primer. Biotin-labelled fragments for EMSA were purified using the PCR Purification kit (Shanghai Generay Biotech Co., Ltd., China) and quantified using a microplate reader (Biotek, USA). EMSA was performed using the Chemiluminescent EMSA kit (Beyotime Biotech, Shanghai). Binding reactions were performed by incubating the probes (0.3 pM) with proteins in a mixture containing 10 mM Tris-HCl (pH 8), 25 mM MgCl 2 , 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 0.01 % Nonidet P40, 50 µg ml À1 poly(deoxyinosinic-deoxycytidylic) acid [poly(dI-dC)] and 10 % glycerol. After incubating at 25 C for 20 min, the samples were resolved on a 6 % non-denaturing PAGE gel in 0.5ÂTris borate-EDTA buffer at 100 V. Electrophoresis was performed in an ice-bath. Bands were detected using BeyoECL Plus (Beyotime Biotech, Shanghai, China).
RNA extraction and real-time RT-PCR S. erythraea and mutant strains were pre-germinated in TSB medium and subsequently inoculated in modified Evans medium. After reaching the mid-log phase, cells were harvested for total RNA preparation and real-time RT-PCR.
Total RNA was extracted using the RNAprep Pure Cell/Bacteria kit (Tiangen Biotech, Beijing, China), and was reverse transcribed using the PrimeScript Reverse Transcription (RT) Reagent kit with gDNA Eraser (TaKaRa, Japan). Realtime RT-PCR was performed using the SYBR Premix Ex Taq GC kit (TaKaRa). All experiments were performed according to the manufacturer's protocol. All primers used in real-time RT-PCR are listed in Table 2 . PCR was performed using CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The 16S rRNA gene served as the internal reference. Variations in transcript levels were analysed using the threshold cycle (2 -DDCT ) method. Three independent biological replicates were performed.
b-glucosidase activity assays
Measurement of b-glucosidase activity was based on the formation of p-nitrophenyl (pNP) from p-nitrophenyl-b-Dglucoside (pNPG), as described previously [8, 9] . Strains, including the wild-type and mutant strains, were cultivated in TSB or Evans medium. Cells were separated from conditioned media to analyse the extracellular and intracellular glucosidase activities. Reaction was performed by the addition of 50 µl conditioned medium into a mixture (150 µl) containing 50 mM sodium acetate buffer (pH 7) and 10 mM pNPG. After incubating at 30 C, absorbance due to the release of pNP was determined at 420 nm using a microplate reader (Biotek, USA). Cells were resuspended in 50 mM sodium phosphate buffer (pH 7) and disrupted by sonication. Intracellular b-glucosidase activity was determined by the addition of 30 µg cell extract to the mixture. One unit of b-glucosidase activity was defined in terms of the formation of 1 mol l À1 of pNP (molar absorption coefficient, 1.
) per min. Total extracellular glucosidase activity in the conditioned medium was defined in terms of units per millilitre of conditioned medium, while intracellular glucosidase activity in mycelia was defined as units per milligram of total protein. All reactions were performed in triplicate.
Construction of mutant strains
Strains, including the glnR in-frame deletion mutant (DglnR), glnR complementation strain (DglnR :: glnR), glnR overexpression strain (wt :: glnR) and phoP overexpression strain (wt :: phoP), were constructed as described previously [25, 27] . Construction of strains overexpressing the glucosidase-encoding genes has also been described previously [25, 27] . Briefly, the glnR in-frame deletion strain was constructed by replacing the glnR gene (gene ID: SACE_7101) fragment with the thiostrepton (tsr) resistance cassette on the free pUC-glnR plasmid. The E. coli-S. erythraea integrative shuttle vector pIB139 with the PermE promoter containing target genes (glnR, phoP, eryBI, bglA and bglB2) was introduced into S. erythraea protoplasts and integrated into the genome at the phiC31 att site. Primers used for the construction of recombinant plasmids, namely pUC-glnR, pIB139-glnR, pIB139-phoP, pIB139-eryBI, pIB139-bglA and pIB139-bglB2, are listed in Table 2 . Next, recombinant plasmids were transformed into the glnR deletion strain and wild-type strain using polyethylene glycol (PEG), resulting in generation of the glnR complementation strain and overexpression strains. Thiostrepton resistance (50 µg ml
À1
) was used for the selection of glnR deletion mutants, while apramycin resistance (100 µg ml À1 ) was used for the selection of the complementation and overexpression strains. Selected mutants were confirmed using PCR and DNA sequencing.
Computational analysis
Putative GlnR-and PhoP-binding sites in promoter regions of genes were identified using the MEME/MAST tool (http:// meme-suite.org/) and PREDetector software program. The prediction methods have been previously described [32] .
RESULTS AND DISCUSSION
Expression analysis of cellulose-degrading genes in S. erythraea in response to cellulose In the present study, we attempted to better understand the ability of S. erythraea to utilize cellulose. We found that S. erythraea could grow in balanced Evans medium [7.5 mM (NH 4 ) 2 SO 4 and 8 mM NaH 2 PO 4 ] supplemented with 1.5 % cellulose or xylose as the sole carbon source (Fig. 1a) . After reaching the late exponential phase, cells were separated from conditioned media and b-glucosidase assay was performed. Using the p-nitrophenyl (pNP)-b-D-glucoside (pNPG) method described in the Materials and Methods section, a 2.9-to 5.6-fold increase in b-glucosidase activity was detected in both the conditioned medium and lysates of EMbglSf-R AGCCAGTGGCGATAAGCGATCAACGGCACCACTC
EMbglA-F AGCCAGTGGCGATAAGCCGACTACCTGGTGGGCG 351
EMbglA-R AGCCAGTGGCGATAAGCCCCTCCGAGATACCCCC
EMbglB2-F AGCCAGTGGCGATAAGCTCCAGTTGTCGGCTCT 496
EMbglB2-R AGCCAGTGGCGATAAGTCATCTACCGCAACCTC EMSCO2798-F AGCCAGTGGCGATAAGGTGCCGCCACCTCTTCGAG 330
EMSCO2798-R AGCCAGTGGCGATAAGTCTGCGTGCTGCTCGCATT Primers for quantitative RT-PCR (qPCR)
S. erythraea
RTeryBI-F CTGCTCACCGAGATCCTCAAG 189
RTeryBI-R CTCCCGGATGGCCTTCTT RTbglC3-F CCCGATGACCACGAACGA 236
RTbglC3-R CGATGAGCGACCAGAAGAAGTA
RTbglSf-F TCGGTGGCAGGCATTTC 291
RTbglSf-R GCTCGGAGTTCTCGGTCAT
RTbglA-F GAGGCGAGGTCGATCCGTAC 233
RTbglA-R GACCCAGTGGTTGAGCGTGAT RTbglB2-F TTCGGGTGGGAACAGGCA 238
RTbglB2-R GCAGCGACCATGCGAGGTA *Letters in italics indicate restriction enzyme sites. Underlined nucleotides for EMSA indicate no homology to the template, used for PCR labelling.
Xu and Ye, Microbiology 2018;164:779-789 cells cultivated on cellulose or cellobiose compared to those cultivated on xylose (Fig. 1b) . Cells harvested for b-glucosidase assays were also used for gene expression analysis by quantitative RT-PCR (qRT-PCR). Eight genes encoding proteins annotated to be potentially involved in cellulose degradation were identified using the Kyoto encyclopedia of genes and genomes (KEGG) database (http://www.genome. jp/kegg/). Among these, the expression of bglA, bglC, bglSf and eryBI was markedly induced about 3-to 10-fold by cellulose and 2.5-to 3.5-fold by cellobiose. In contrast, the expression of celA, celD and bglB2 showed slight or no induction when cellobiose was present. Furthermore, no transcripts were detected for bglC3 (Fig. 1c) . These observations suggested that S. erythraea had the potential to utilize cellulose as a carbon source.
b-glucosidase is the rate-limiting enzyme in cellulose digestion
It has been widely reported that b-glucosidase is important for the efficient hydrolysis of cellulose [34] [35] [36] . We further investigated whether increased expression of b-glucosidaseencoding genes could promote the utilization of cellulose in S. erythraea. Strains of S. erythraea overexpressing b-glucosidase were constructed. Wild-type (wt) and b-glucosidase overexpressing strains, namely wt :: eryBI, wt :: bglA and wt :: bglB2, were cultivated in balanced Evans medium supplemented with 1.5 % cellulose as the sole carbon source. The strain harbouring wild-type pIB139 plasmid was used as the control. Growth curves were plotted using samples harvested after 12 h intervals. Results showed that overexpression of b-glucosidase promoted the growth of S. erythraea on cellulose (Fig. 1a) . These results suggest that bglucosidase plays an essential role in cellulose digestion.
Evidence that GlnR and PhoP interact with the regulatory regions of the glucosidase-encoding genes Previous studies reported that GlnR and PhoP regulate the transcription of target genes by binding to short DNA sequences (TnAAc-n 6 -GAAAc, GlnR; Gg/tTCA-n 4 -g/cG, PhoP) located in the promoter regions of these genes [25, 27] . A multitude of putative binding boxes was identified in the regulatory regions of genes encoding b-glucosidases using the Motif Alignment and Search Tool (MAST), Multiple Em for Motif Elicitation (MEME) (http://meme-suite. org/) and PREDetector software (Figs 2 and S1, available in the online version of this article). To confirm the binding of regulators (GlnR and PhoP) to the identified sequences, EMSA was performed. Biotin-labelled DNA probes (350 bp fragments corresponding to À300 to +50 bp region of the translation start site of b-glucosidase-encoding genes) were incubated with varying concentrations of pure His-tagged GlnR and PhoP (0, 0.4 and 0.8 µM). Shifted bands were observed when probes with identified binding boxes (including eryBI, bglSf and bglB2) were incubated with increasing concentrations of both His-GlnR and His-PhoP, while bglA could only bind to PhoP. These binding boxes were consistent with those predicted computationally (Figs 2 and 3) . Further, biotin-labelled synthetic probes containing portions of the predicted binding motifs and mutant motifs (in the upstream region of the bglSf operon) were used for EMSA to confirm the putative binding boxes.
Results showed that shifted bands of mutant fragments were evidently weakened compared to the native probes (Fig. S1 ), indicating that the predicted GlnR/PhoP-binding sequences in the promoter region of bglSf were directly bound by regulators.
GlnR and PhoP positively regulate b-glucosidase expression
The glnR and phoP mutant strains reported previously [25, 27] were used to examine the regulatory roles of GlnR and PhoP in cellulose degradation. Strains were cultured in balanced Evans medium supplemented with 1.5 % cellobiose as the sole carbon source for analysing the expression of b-glucosidase-encoding genes (by qRT-PCR) and glucosidase activity (by the pNPG method). Compared to the wt strain, the transcript levels of all b-glucosidase-encoding genes were significantly downregulated by 2-to 7-fold in the glnRdeleted mutant strain (DglnR), and restored in the glnR-complemented strain (DglnR :: glnR) (Fig. 4a) . Increased GlnR level in the glnR overexpression strain (wt :: glnR) induced an increase in the b-glucosidase transcript levels (up to 2-fold for eryBI, 7.5-fold for bglSf and bglA, and 9.5-fold for bglB2).
The phoP overexpression strain (wt :: phoP) induced the expression of bglSf, bglA, and bglB2 up to approximately 3-, 8-and 2.5-fold, respectively. These results were consistent with those of EMSA. With one exception, the transcript of eryBI was not effected by PhoP in vivo although its promoter could directly interact with PhoP in in vitro experimentation. Notably, we found that GlnR influenced the bglA transcript level, although there was no direct interaction between GlnR and the bglA promoter. This suggested the possibility that GlnR may influence bglA expression indirectly via other factors, such as carbon metabolism-relevant regulators. Alternatively, GlnR may regulate the transcription of bglA in vivo; however, for reasons unknown, in in vitro EMSA experiments, binding between GlnR and the bglA promoter was not observed. It is worth noting that PhoP directly enhanced the transcription of glnR and other GlnR-regulated genes, whereas GlnR repressed phoP transcription in response to nitrogen availability in S. erythraea [25] . The two global regulators (GlnR and PhoP) played reciprocal regulatory roles associated with nitrogen and phosphate metabolism and b-glucosidase expression.
Moreover, complementation of glnR into the DglnR strain increased the total b-glucosidase activity (extracellular and intracellular b-glucosidase activities) to near wild-type level. Glucosidase activity in the wt :: glnR and wt :: phoP strains was higher compared to that in the wt strain. An increase of approximately 3.8-fold for extracellular and 1.5-fold for intracellular glucosidase activity in the wt :: glnR strain, and 3-fold for extracellular and 1.7-fold for intracellular activity in the wt :: phoP strain (Fig. 4b) was observed. These findings demonstrated that GlnR and PhoP positively regulated the expression and activity of b-glucosidases.
GlnR and PhoP promote growth of S. erythraea on cellulose We also determined whether GlnR and PhoP the promoted digestion of cellulose, a complex polymer, by enhancing b-glucosidase activity. The growth curves of five strains (wt, DglnR, DglnR :: glnR, wt :: glnR and wt :: phoP) cultured in balanced Evans medium supplemented with 1.5 % cellulose or cellobiose as the sole carbon source were evaluated. As shown in Fig. 4c , all strains exhibited slower growth on cellulose than on cellobiose. Notably, deletion of glnR considerably decreased the growth of S. erythraea on both cellulose and cellobiose, which was subsequently nearly restored by complementation with glnR. Moreover, compared to the wt strain, overexpression of GlnR or PhoP resulted in increased growth of strains on these media. These results demonstrated that GlnR and PhoP overexpression enhanced cellulose digestion by S. erythraea by increasing the production of b-glucosidase, the rate-limiting enzyme. This suggests that genetic engineering approaches involving the overexpression of glnR and phoP can be used to enhance cellulose utilization. Furthermore, it may be possible to promote cellulose degradation in actinobacteria by adjusting the carbon-nitrogen-phosphate ratio of the growth medium. (Fig. 5a) , and the extraand intracellular activities of b-glucosidase were also higher by approximately 2.0-and 1.5-fold, respectively (Fig. 5b) . Similarly, compared to phosphate-rich medium, S. erythraea grew better in phosphate-limiting medium, wherein it showed an increase in the extra-and intracellular activities of b-glucosidase up to 1.3-and 1.5-fold, respectively (Fig. 5a, b) . Furthermore, to verify that the increase in growth and glucosidase activity was directly correlated with GlnR or PhoP, the expression of GlnR and PhoP in cells cultivated in modified Evans medium was evaluated. RT-PCR analysis showed that compared to nutrient-rich conditions, mRNAs for glnR and phoP accumulated to higher levels (2.0-to 2.5-fold) under conditions where nitrogen and phosphate were limiting (Fig. 5c) . We also detected a slight increase in glnR expression in response to phosphate-limiting conditions, consistent with the findings in our previous report, where we observed that glnR transcripts were upregulated by PhoP in response to phosphate starvation [25] . As shown in Fig. 5 , these results clearly demonstrated that the enzyme activity of beta-glucosidase increased, which was mediated by GlnR and PhoP, in response to phosphate and nitrogen limitation.
GlnR-and PhoP-mediated regulation of cellulose degradation is conserved in actinobacteria In our previous study, we observed that GlnR/PhoP-mediated regulation of amylolytic genes was highly conserved across different actinobacteria strains [32] . Here, we screened all KEGG annotated genes encoding cellulose degrading enzymes from six well-studied actinobacteria, including Amycolatopsis mediterranei, Mycobacterium smegmatis, S. coelicolor A3(2), Streptomyces griseus, Streptomyces venezuelae and Streptomyces avermitilis. Putative GlnR-and PhoP-binding boxes were found in the promoter regions of many genes encoding cellulose-degrading enzymes (data not shown). The cellobiose-utilizing cluster (SCO2795-SCO2798) in S. coelicolor A3(2), which was homologous to the analysed cluster (SACE_5452-SACE_5455) in S. erythraea, harboured the putative GlnR-box (GCAACGTCCAGTTAAC) and PhoPbox (GTTAACAGGCCGATAACTGAAC). EMSA revealed that in S. coelicolor, the regulators (GlnR and PhoP) directly bind to the corresponding upstream region of this cluster (Fig. 6a) . As shown in Fig. 6b , b-glucosidase activities were higher in the phosphate-and nitrogen-limited media than in the nutrient-rich medium. These findings indicated that regulation of cellobiose utilization by GlnR and PhoP was likely conserved in actinobacteria (Fig. S2 ).
Industrial strains of actinobacteria act as potential microbial cell factories for the production of a variety of antibiotics, biofuels and commodity chemicals due to their natural ability to utilize several carbon sources. Cellulose, which is widely distributed, is an ideal carbon source for economical bio-fermentation using actinobacteria. However, efficient cellulose utilization remains a challenge for industry due to the low expression and activity of cellulose-degrading enzymes, especially b-glucosidase, the ratelimiting enzyme in the enzymatic digestion of cellulose. Our study revealed that GlnR and PhoP are important regulators of nitrogen-phosphate-carbon homeostasis in S. erythraea, and suggested novel genetic engineeringbased strategies for developing strains and optimizing the fermentation process to boost the production of biomassbased chemicals using actinobacteria.
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